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RESEARCH MEMORANDUM

A STUDY OF SKIN TEMPERATURES OF CONICAL BODIES
IN SUPERSONIC FLIGET

By Wilber B. Huston, Calvin N. Warfield, end Anna Z. Stone

SUMMARY

A comparison is made between the tims history of skin tem;pgrature
measured on the nose of a V-2 and the bemperature computed using Eber's
experimental relation Tor heat-transfer coeiflicients for conical bodies
under supersonic conditions. agresment obtalnsd 1s felt to Justify
the use of Eber's relation in the calculatlon of skin temperatures under
flight conditions. A general method developed for making such skin-
temperature calculations 1s used to compute the veriation of skin
temperature with time for & wide range of valuss of the pertinent
paremsters. The results show that by proper selection of the basic
parameters the Iinorease of skin temperature during & limited time of
flight can be held to structurally permissible values. Methods are
gliven for taking into account, when necessfiry, the oifects of soler
heeting and the radiation exchanged between the skin and atmosphere.
Tme histories of Skill Lemperaturd &re coﬁwm%ﬁ_
flight plans of a typicel supersonic eirplane.

INTRODUCTION

Beceuse of the high stagnetion and boundery-layer temperatures
associated with supersonic speeds, the effecis of aerodynamic heating
have been of considereble concern to the designers of supersonic
eirbdrne structurss. Values of skin temperature under steady-state
conditions were calculated in reference l. This report showed the
necessity of g;Llowing for the verieble specific heat of ailr in stagnsation
Temperat culations and by allowing for rediation showed that
skin te@eratures could. be lower than boundery-layer temperatures. The
skin-temperature values calculated were high, however, from a structural
or from an operational standpolnt, and the results were based on an
extension of subgonic heat-trangfer coefficlents to & supersonic wedes-
shaped. alrfoil. For this extension no experimentel verification is

yot avallable.

Experimental informatlon on asrodynemic heating effects. under
supersonic conditions has been fragmentary. During the course of a
gseries of V-2 flights at White Sands, New Mexico, the Naval Research
Leboratory has, however, made & number of measurements of the variation

RESTRICTED
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of skin temperature with time. The data obtained. on March 7, 1947 on.

the conical warhead of miseile number 21 tic
since these date can De compared with the re ts of calc

on an experimental relatlion for supersonic heat-:rgg.natg:: Qoefficient
for comical Bodles given 1n reference 2.

Since the results of reference 2 asre in such a form_that they
could be used in general calculations of the variation of skin tempera-
ture with time, such & compasrison is of particular interest, especlally
if 1t indlcates that the results of reference 2 can be extendsd to
flight conditions.

It is the purpose of the present report to show the order of
agreement between the time history of skin temperatures measured on
the V-2 end the time history of temperatures calculated by use of the

results of reference 2. A general method of meking such calculastions

is given which mekes 1t poss%ﬁe to calculate the time history of skin
v by _of structural g :

The equations given ere suliiciently general that the effects of solar

rediation can be investigated as well as the radiation recelved from
space and the amblent atmosphere. .

SYMBOLS
A area, £t°
C golar constent, 0.1192 Btu/ft2 sec
c specific heat of skin material, Btu/lb °F
c specific heat of air at constant pressure, Btu/lb °F

Fg gkin factor (equal to cTw), ZB'l:u./ft2 °F

acceleration due to gravity, 32.1740 ft/sec® : : -

h heat-trensfer coefficient, Btu/ft2 sec °F

b enthalpy per unit mass of air corresponding to total temperature,
Btu/ld

hy en’o%alpl_bper unit mass of air corresponding to amblent temperature,
tu

H altitude, £t

J mechanical eguivalent of heat, 778.27 £t-1b/Btu

e
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tenmperature '-recovery factor

thermal conductivity of air, Btu/ft® sec (°F/ft)
characteristic length, ft

Nusselt mumber (hl/k)

Prendtl mumber (cpug/k)

pressure of ambient atmosphere, 1b/ft°

’ pressure of standard atmosphere at sea level (2116.229 lb/ftz)

quantity of heat, 3Btu

Reynolds number (Vio/u)

ambient atmospheric temperature, ©F abs.

boundary-layer temperature, ©F abs.

equilibrium skin temperature, OF abs.

mean skin temperature over time interval At, COF abs.
temperature of standard atmosphere at sea level (518.4° F abs.)

potential temperature, a fictitious temperature defined in
equation (B2), OF abs.

skin temperature, OF &bs.

total or stegnation temperature, °COF abs.
tims, sec

velocity, ft/sec .

welght, 1b

specific welght of skin material, 1b/ft3
total apex angle of cone, radians
adiabatlic exponent

sky radiation factor (See appendix A.) |
emissivity

density of atmosphere, slugs/ft3
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Po  density of the standerd atmosphere at sea lsvel (0.002378 slug/ft3)

Btu

o Stefan-Boltzmenn rediastion constent 0.47594 x 10712 5 Sk
£t

T skin thickness, £t (or in.)

M viscosity of eir, 1b-sec/ft?

Mo viscosity of air at sea-level conditions (3.7250 x 1077 l'b-sec/fte)

0 thermel leg constant, sec
BASTIS FOR SKIN-TEMPERATURE CALCULATIONS

Heat-halence equation.- Given the initial conditions end the
speciflied flight path, the skin temperature can be evaluated as a
function of time by means of the followlng differential equation which
is derived in eppendix A:

ﬁd&/uwﬂ" Selar ouy
Z}kdaﬂllln
dTg (T - Ts) + eo(oma - 15" + «c W
at CTW
Skin, Factor

5
Equation (1) tekes into account the heat geined or lost by thermel
conductivity in the boundary layer, the exchange of radiant energy
between the skin end the swrrounding atmosphere, and the heat gained
from the sun. The physical propertles of the skin materlisl are taken
into account in the product c¢T w which in the rest of this report will

be called the skin factor FS The equation g.;gp;,ies to & thin skin
under the essumptlon thaet there Is no conduction or ra,dia.'bion of
heat to _other parts of the sirvcture.

Equation (1) is & nonlinear differentiel eguation for which

the explicit intepral ig not useful, but which can be inltegrated by
numerical msthods. Using average values of the various guentifies =

- over_successive time intervals At the relation between skin
ﬁmperature and time cen be expressed in the following equation:

T = Ty + {5l - ) + eo[ +2) ﬂ o (2)

The subscript 1 is used to denote the stert of the interval and
subscript 2, the ord of the interval. The bar is used to denote

‘average values in the time interval At.

sec F  abs
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In order to meke use of equations (1) and (2), it is necessary
to know the value of heat-transfer coefficlent b and boundary-
Jeyer temperature . Methods for determining these factors, based
on experiments at supsrsonic speseds, have been given in reference 2,
and are utilized in the present report.

Heat~transfer coefficient.- The valus of h +o be used in

equations (1) or (2) may be determined from veference 2 in which
weas shown that heat~traensfer data could be correslated on the basis

of nondimensionsl paramsters end e shape factor by means of the equation

hlys Wus (0.007L + 0.0154 g0*2)R,0+8 (3)

This equatlion correlates wind-tunnel g%'_@mnts on & series
of conicel models with apex angle B of 10 to 120~ covering a
Mach number rangs of 1.2 to 3.1 and a Reynolds number range of

2 x 107 to 2 x 10°. In computing the value of Nu and Re, the
conductivity and coefficlent of wvigcosity were bassd on THS DOWATy=

layer temperature, the density used was the density in 'bhe TYee_giream
ahead of the model, and the characterlstic 8 tal length

of the conical mod.el as measured elong the SWXLace (fngth of gensra.trix)

and the value of heat-transfer coefficient was the average velue for

the entlre surface. The Prandtl number wes taken as constent and lgnored
in determining equation (3), and only experimesntal data for which the
shock wave was attached tc the model were included.

In the extension of equation (3) to the calculation of skin
temperatures in flight, it is necessary to select & temperature
which charscterizes conditions within the boundary laysr, end slsa
& chapracteristic Jength, in order to evaluate h. The experimental
data of refersnce 2 were obtalned under translent conditions which
differed from equilibrium by, at most,36° F. The charascteristic
temperature used as appropriate to such conditlons 1s the boundary-
layer temperature or stagnation temperature gultably corrected hy the
Tecovery factor K. Under Tlignt conditions with e finite thickness
of structural material, the skin Temperature cen be as much as

severel thousand d.eﬂ;es less then the boundary-layer tempera.ture TR«
e skin temperature y the temperature of the &ir Ju the

jmmedlate vicinlty of the skin and consequently the heat-transfer

capaclty of the boundary layer. There is, therefore, & question as to

whether the value of h should be based on Tg, on Tg, or perhaps

on some Iintermediete temperature.

For skin temperature calculations in which conduction of heat
along the thin skin may be neglected, as in equation (1), the local
value of heat-transfer coefficient at any particular point is needed.
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In the extension of equation (3) to flight conditions it hes been
somewhet arbitrarily asssumed that equation (3) can be uséd to obtain a
local wvalue of h If the characteristic length 1s teken as the
distance of the particuler point from the vertex of the conicel body,
moasured along the surface. The selection of the proper charscteristic
length 1s also a part of the question of the rangs of Reynolds number
over which equation (3) may be considered valid. In the calculations
of the present report,equation (3) has been uged regardless of the
value 6f Re. In the absence of other experimental supersonic heat-
transfer data, the valldity of the assumptions ebout a characteristic
temperature, chaeracteristic length, and Reynolds number may be tested
by comparison with the results of flight tests.
For convenience In calculetlon of the value of the heat-transfer
coefficient, equation (3) may be rewritten in the following form,

- (0.0071 + 0.015% 0+5) L 0.8 (T \0"8 "
210.2 o KOG

In the evaluation of equation (4), the values of p and k
corresponding to values of Tp less than 2400° F abs. may be based
on table 3 of reference 3. For values of TR greater than 2400 F &bs.,
approximate valuwes for p amd k mey be determined using the assumption
that the Prandtl number cpp.g/k is equal to 0.65 at high temperatures

and that
" ™N0+69
L Q—) (5)

Equation (5) 1s a tentative approximetion based on'extra,pola.tion of the
dete in reference 3 and should be used only in the absence of experimental
deta on the viscoslty of alr at high temperetures.

Value of pfo, for pressure altitudes from see level to 65,000 feet
may be teken from tables of the NACA standard atmosphere (reference L);
values of p/p, for altitudes above 65,000 feet corresponding to the
tentative standard atmosphere may be found Iin table V of reference 5.
For any particuler configuration (B and 1 specified) when the relatim-
ship betwsen pressure, temperature, end eltitude is known (from
measurements or from tables of the standerd atmosphere), the value of
the heat ~transfer cocefficlent h can be computed when altitude and
velocity (or Mach number) are specified.

Boundary-layer temperature.- The boundary-leyer temperature Tp
mey be eveluated from the equation ' o



NACA EM No. L7J2l T

Tp =Ty +K(Tr - Ty) I C

Valuss of the temperature recovery factor K for conical bodies in
supersonic flow are given in figwre 1.

The stesmation temperature Tp corresponding to any specified
values of velocity and amblent temperature 1s given by the following
relation for adisbatic compressible flow at constant total energy

T 0
T
vV av
c. — = 0
j:PA p AT + v a (7

If the range of tempersture change is such that Cp mey be

considered constant, equation (7) cen be integrated directly, and the
result of the integratlion cen be expressed as

. Amprox . SHagmarise
- 7exp (e, = %
Tp = TAG + L > = Mé o aﬂ'(8§

Although this expression 1s a convenient one, values of Tp given by

equation (&) are too large at high values © . Equetion (7) mey, however,
onvenlently evalua by use of teble 1 of reference 3 which gives

d.
0

for the enthalpy or total heat of alr over a range of temperature T
from 300° F abs. to 6500° F abs. In using this table, the stagnation

temperaturs mesy be obtained from the relation

V2
hT=hA+,;,;]. (9)

Values of Ty from equation (9) are compared with those given by
equation (8) with 7 = 1.4 in teble I. At a Mach nurber of 8 and
Ty = 392.4° F &bs., the stagnation temperature is 7T32° F less than the
velue given by eguation (8) with 7 = 1l.h.

Skin factor.- Since the thickness, specific heet, and specific
weight of the skin meterial enter the differential equation for skin
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temperature as the product of the thres quantities, the results of an
integration of equation (2) for & particular value of Fg will apply

to any structural materlial of high thermsl conductivity amnd of sufficlent
thickness to give the specifled value of Fg. Valuss of ¢ and w for
several commonly used ailrcraft structural materials are glven In

table II. The values of ¢ for wrought iron and stainless steel are
everage valuss for which the tempersture range 1s not specificelly
given in reference 6. In view of the large temperature variation of the
specific heat of iron, allowence may sometimes need to be made for the
change of Fg with temperature when calculations ere-specifically
concerned with iron or steel. (See reference T.) Values of Fq corre-
sponding to various thicknesses of aircraft structural materials (and,
for iron and steel to various temperatures) are shown in figure 2.

CALCULATION OF SKIN TEMPERATURE

The epplication of equations (1) or (2) to the determination of
skin temperature requires that certain basic parameters and initilal
conditions be specified. These basic parameters which characterize
the flight plan and the structure are,

M Mach number
H altitude

1 length

B cone angle
€ emigsivity

FS skin factor

In addition, when skin temperature is to be calculated as a function of
time, the initial skin temperature must be specified.

Time-history calculations.- The veriation of skin temperature
with time while an airplens or missile follows a perticuler flight
path in which either speed or altitude or both very is often of considerable
interest. Calculations of such a tims history are easily performed,
using equation (2) in which average values of h, Ty, 5, end T, are
used. For preliminary design purposes, to determine the range of skin
temperatures expected and to determine the relative importance of the
various basic parameters in limiting the tempereture.to structurally
possible values during a flight of limited duration, it is convenient to
use a hypothetical flight plen corresponding Lo the step function
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frequently used in the analysis of translent phenomsna. In this
hypothetlcal flight plan it is assumsd that, the altitude is constant,
that the value of M 1s reached instantanecusly at t = 0, and that
the initlal skin temperature is equal to the temperature of the ambient
atmosphere. Time=hlstory calculations using this flight plan are
particularly simple; en outline of the method and an example are given
in appendix B.

Equilibrium skin temperature.- The equllibrium skin temperature Tg
is the skin temperature which would be reached after a sufficient lapse
of time under steady flight condltions at constant altitude. The value
of Te is independent of Fg and may be approximately equal to Tg, or
very much lsss, depending on the value of h and the importance of the
radiation terms. Eguation (1) defines the value of Tg, since in the

ar,
1imit as t > o, -—§ - 0 and eguation (1) reduces to

I:TB+_5T1L+>-I €9 m -Te= (10)

For any specified conditions the term in the brackets is a consteant
which, once determined, is one of the two constants in an equation of
the type aX + X -b = 0. The positive real root of equation (10)
may generally be located quickly by trial and error or by Newton's
method of approximation as given in a number of standard mathematical
works.

RESULTS AND DISCUSSION

Validity of skin-temperature calculations.- Skin temperatures
have been measured at two points on the conical warhead of V-2 missile
nunber 21 (reference 8). These flight measurements can be used as an
index of the applicebility of equation (3) to f£light and of the kind
of errors to be expected when equations (1) and (3) are used for skin-
temperature calculations under flight conditlons.

Based on date supplied by the Naval Resesrch Leboratory, the valuves
of skin itemperature measured on both the forward aluminum-alloy section
and the rear steel section of the warhead of missile number 21 are
glven in teble III along with the rader-tracking date, the pressure
and temperature of the ambient astmosphere, axd the pertinent structural
details. The values of pressure were determined from Instruments
located in the missile; the ambient temperature up to 50,000 feet was
determined from radiosonde data,and temperatures above 50,000 feot
ere as reported in reference 8.



10 NACA RM No. LTJ21

The time history of skin temperature for the aluminum-alloy and
the steel sections has been calculated by the methods outlined in the
present report. For the aluminum section, & vaelue of skin factor of 0.3k -
was used, corresponding to a thickness of 0.105 inch. This value
was selected. since the dimensions of the temperature gege ettached to
the inslide of the skin were sc large in comparison with the skin thickness
that 1t was Jjudged that the: temperatures meesured were more nesarly
representative of the inoreased thickness at the gage station. Because
of the much greater heat cepacity of the ateel sectlon, no correction
was made for the local increase at the gage station, but the variation
with temperature of the skin factor for steel, as shown in figure 2,
was allowed for in meking the calculations. To allow for ra.d.ia.tion,
g valus of ¢ = 0.9 was used as repressntative of the emlselivity of
the lacquer finish of the nose sectlion. Since the effects of solar
heating wers found to be megligible, no attempt was made to allow for
them.

The measured skin tsmperatures for this V-2 mlssile are showm
in figure 3(2). Some of the flight-path data are shown in figure 3(b)
which, for purposes of comparison, also shows the skin temperatures
maa.sured. on the eluminum section. Also shown in figure 3(a) are itwo
calculated time histories of skin temperature for both the aluminum-
alloy and the steel sections. For the solid line in each case the
value of h was based on Tp, for the dotted line the value of h
wes bagsed on Tg.

The precision of the measured skin temperatures is glven as +18°w.
(See teble III.)} Considering both the aluminum-alloy and the steel =
sections, the agreement between measured and calculated skin temperatures -
is better for the calculations in which h is based on Tp. The -
measured temperatures lle between the calculated temperatures in the
case of the aluminum-elloy section but are greater than either of the
sots of calculated temperatures ln the case of the steel sectlon.

In order to meke the calculations shown in figure 3(a), equation (3)

- has been used whether or not the valus of Ry based on Tp fell in ghe
rengs of the experiments of reference 2, that is, 2 x 10° to 2 X 10

Although at 100 seconds the value of Re for the aluminum section hed

fallen to 106, during that portion of the flight in which significant
ssrodynamic hea.ting effects ocourred, 10 to 70 seconds, the value of Re

for both the aluminum and steel sections foll in the range 107 to

2 X 10’*, values which 4o not differ from the renge of the experiments
of reference 2 by more than a factor of 10. In view of the agreement
obtained it is felt that the following remarks are Justifled.

1. The experimentel relation for heat-transfer coefficients for .
conical bodies under supersonic conditions,

= (0.0071 + 0.0154p%+3) R,O-8 i )

given by Eber in reference 2 umay be extendsd to flight conditions.
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2. Satisfactory agreement between measured skin temperatures and
temperatures calculated on the basis of Eber's equation has been .
obtained in the case of one flight over a Mach number rangs up to 4.8
and altitudes up to 250,000 feet.

3. In the extension of Eber's equation to flight conditions
better agresment betwsen measured and calculated skin temperatures in
the case of V-2 missile number 21 was obtained when the boundary -
layer temperature was used as the characteristic temperature than was
obtained when the skin temperature was used, but ons experiment is
probably not enough to make a final conclusion about the best choice
of temperature.

4. In the absence of further experimental data the characteristic
length to be used in Eber's relation may be iteken as the distance of
the point undsr considsration from the vertex of the conical body,
measured along the surface of the cons.

Range of skin temperature.- In view of the agreement between
measured skin temperatures on V-2 missile number 21 and the temperatures
calculated by use of equation (2) and equation (3) with h Dased
on Tp, a series of general calculations has been made. These calculations
are designed to illustrate the range of skin tempsratures which can
be encountered in the design or operation of supersonic airborns conical
structures and to illustrate the relative significance of the six basic
paramsters in determining skin temperature. The following valuss of
the basic perameters were selected for investigation.

Fg

E M 1 B

(£1) (Bt:D (£t) ¢ (deg)
£42

0 1 0.05 0.1 0 15

35,000 2 2 .5 0.05 30

80,000 3 5 1.0 .2 45

150,000 5 1.0 2.0 5 60

250,000 8 1.5 5.0 1.0 90

Time histories of skin temperature and equilibrium skin temperatures
were computed. The time-history calculations are for the convenient
agssumed £light plan In which the altitude remeins constant, the value
of M 1s reached instantansously at % = 0, and the initlal skin
temperature 1s equal to Tp. In order to simplify the pressentetion and
to reduce the number of calculations, the intermediate underlined values
of the basic parameters were selected as representative. Each paramster
was Investigated for the five values glven, while the other five parameters
were held at the underlinsed representative valuss.
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The results of the time-history calculations are given in figure k4,
which shows the change in the time history of skin temperature for the
verious values of the baslc parameters. The solld linseg marked dey
condlitions, include the meximum effect of solér heating. For the
dotted lines, representing night conditions, the valuwe of C was
teken as zero in evaluating equation (2). : -

Since the time of £flight of most supersonic missiles end airplenes
is likely to be brief, figure 4 shows that the skin temperature rise
during a limited time of flight, with the proper selection of bhasic
parameters, mey be held to structurally permissible valuss. In
particuler, the value of Tg which will be reached in any specified
time at any specified Mach number i1s smaller at high altitudes, smaller
for large veluwes of Fg and 1, end smaller for low valuss of B.
For night conditions, inoreasing the value of € will always result
in lower values of Tg. For day conditions, however, solar rediation
can result in more rapld heaeting so long as the value of Tg 1is less
than about 700 P abs. The effect 1is small however end efter the skin
temperature has risen high enough so that the net rad.ia,tion exchange
results in a cooling of the surface, an eppreciable reduction of skin
temperatures can be achieved by employin.g a surface emlssivity that
approaches & valus of 1.0. (See fig. L(d).)

Since tho rate of increase of Tg may become very small as Tg
-approaches its finel or equilibrium velue Tg, the time histories of
skin temperature shown in figure 4 have not 'been extended beyond the
time at which the Initial temperature difference has fallen to about
10 percent of its initiel value. The value of Tg is shown, however,
in figure 5 for the seme combinations of the basic paremeters as were
used in figure 4. The values for both day and night conditions illustraete
the meximum effect of solar heating, which 1s seen to be amall in all
cases except at very high altitudes. TFor comparison, the value of Tp
is alsc shown in figure 5. Values of Tp were computed using equations (6)
and (9) and reference (3); values of Tg were computed using equation (10).

Skin temperatures for a typical supersonic alrplane .- In order
to 1llustrate the magnitude of aerod.ynamic heating effects for
practicable flight conditions, the time history of skin temperature has
been computed for three repressntative flight plans for e typical '
supersonic airplane. The results, shown in figure 6, are for a point
1 foot back from the apex on a conica.l noge of total included angle
equal to 30°. Representative values of ¢ = 0.2 and Fg = 0.2 f——-——-BZgF

' t

have been chosen. This latter value is appliceble to 0.034%-inch- )
thick stainless steel, or 0.06l-inch-thick 2iS-T. _ _
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Flight plan A (fig. 6(a)) is a high-altitude run, followed by a
constant-speed glide to lower aeltitudes. The  skin temperature does
not exceed 546° F abs. (86° F). Flight plan B (fig. 6(b)) is a run of
2 minutes duration at high spesd and constant altitude. Because of the
long tims spent at high speeds, the skin tempsrature rises to 847° F abs.
(387° F). The peak in temperature closely follows the peak in speed.
Flight plan C (fig. 6(c)) is a short burst of speed to meximum Mach
number, with full power, and a longitudinal accelerastion of epproxi-
mately 2.8g. Because of the high speeds involved, the temperature
rise 1is very rapid, and continues for approximately 20 seconds after
the power 1s cut off. At this time the velue of Tp has fallen below

the value of Tg. The maximum temperature reached is 830° F abs.
(370° F). Although the skin temperatures reached in the high-altitude
run, plan A, are not excessive from a structural stendpoint, the skin
temperatures reached in plans B and C are excesslve. Calculations
for plan C indicate that an increase in skin factor from 0.2 to 0.5
would result in a decrease in maximum skin tempsrature of approxi-
mately 140° F to a value of 690° F abs. (230° F).

CONCLUSIONS

1. The experimental relation for heat-transfer coefficlents for
conicel bodles under supersonic condlitions

Nu = (0.0071 + 0.015480-5)R,0-8

given by Eber in reference 2 may be extended to flight conditions.

2. Satisfactory agreement between meesured skin temperatures
and temperatures calculated on the basis of Eber's equation has been
obtalned in the case of one flight over a Mach number range up to 4.8
and altitudes up to 250,000 feet.

N\
3. In the extension of Eber's equation to flight conditions, better

agreement between measured and calculated skin temperatures in the
case of V-2 missile nmumber 21 was obtained when the boundary-layer
temperature was used ac the characteristlc temperature than was
obtained when the skin temperature was used, but one experiment 1is
probably not enough to meke & final conclusion about the best choice
of ‘temperature.

k. In the ebsence of further experimental data the characterlstic
length to be used in Zber's relation mey be taken as the distance of
the point under consideratlon from the vertex of the conlcal body,
measured along the surface of the cons.
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5. The skin temperatures which will be reached on supersonilc
missiles or alrplanes maey be very much less then either the equilibrium

skin temperature or the boundary-layer temperature, at high altltudes,
end also at low eltitudes if the flight duration is short.

6. By proper selsction of ths baslc parameters, the skin-temperature
rise during a limited time of flight mey be held to structurally
permissible values.

7. Low values of skin tempsrature, and low rates of increase of
skin temperature at any given flight velocity are assoclated with

(a) High altitude

(b) High values for the skin of the product - specific heat X
thickness X specific welight :

(c) High velues of emissivity
(d) Small ccne angle
(e) Lerger distences back of the nose.

8. The effect of solar heating on the skin temperature of supersonic
airborne structures is small at altitudes below 150,000 feet.

9. The radiation received from space end the outer atmosphere
other then solar radiation, may usually be neglected in the calculation
of skin temperatures for supersonic airborne structures.

Langley Memoriel Aeronautical Leboratory - - -
National Advisory Commlttee for Aeronautics

Leangley Field, Va.
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APPENDIX A

DERIVATION OF THE DIFFERENTTAT, EQUATION

FOR SKIN TEMPERATURE

The quantity of heat trensferred in unit time through a fluid

film is given as
aqQ = hA@_B - T@ at (A1)

The heat lost by radiation is given by

aqQ = AeoTS” at (a2)

and the radlant heat absorbed from space and the outer atmosphere is
glven by

aQ = AGUSTA}"' dt (A3)

. Equation (A3) is based on measurements made on the ground at different
angles to the zenith reported in reference 9 where it is shown that the
radiant snsrgy recelved from space and the atmosphere can be corrslated
wlth the local amblent atmospheric temperature I1f the atmosphere is teken
as & black body of temperature T, and emissivity ©. The quantity 3
varies linearly with the square root of the proportion of the total
atmosphere included in the path of the measurements. Since the proportion
of the total atmosphere ebove any point to the proportion sbove a

point at sea level is given by the ratio p/p,, ® has been teken as

proportional to Vp/po in the present report. Although this extension
to high altitudes of measurements made on the ground 1is admittedly an
approximation, the validlty of which must await experimental confirmation,
the epproximation is consldsred a better one than would be the case

1f some nominal black-body temperature were adopted for the atmosphers.
The veriation of 8 with }/p/po 1s shown in figure T, as adapted

from reference 9.

The equatlon

dQ =€ AC 4t (Ak)
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can be used to represent the meximum amount of radlant heat absorbed

from the sun when the surface of the skin is perpendicuwlar to rays

of the sun. The value of the solar constent C is glven in reference 10

as 1.9% calf/em® min (0.1192 Btu/ft2 sec). Since the soler constent is
defined as the average totel energy received from the sun per unlt area

per unit time at the top of the earth's atmosphere, corrected to the

sun's mean distence from the center of the earth, equation (A4)

neglects the effects of season and the variation of atmospheric

gbsorption with altitude. The emissivity € 1 also ufed in equation (Ak)
instead of the absorptivity for soler radiation. While the ebsorptivity

of some materliels of aircraft construction is higher than thelr

emissivity, equation (Ak) is felt to be a valid approximation for the _
maximum effect of solar radiation particulerly for the range 0.2< ¢ < 1.0,
A more complete consideration of the effects of solar radiation,
paertliculaxrly as to the influence of selective ebsorption and emission

on surface temperature, is beyond the scope of the present report. A

brief discussion will he found in reference 1l. B

The heat regulred to raise the tempersaiture of a body is
dQ = oW ar . (A5)

It is assumed that (a) the heat transferred to the interior of
the cone can be neglected since the skin is backed by air only, (b)
thaet radiation losses to other parts of the structure are negligible,
(c) that rediation from the inmer surface is balanced by radiation from
the opposite side of the come, (d) that the thermal conduction of heat
aweay from the point under consideration dus to a temperature gradient
slong the surface l1s negliglble, and (e) that the skin is sufficiently
thin that no temperature gradient exists in the skin perpendicular to
the surface, dus to the flow of heat at the extermal surfzce. Under
these assumptions, for the portion of a cone perpendicular to the soler
radiation, the following equation, combining equations (A5), (Al),
(A3), (AL}, and (A2), would hold

oW g—i dt = hA(Tg - Tg) dt + Aeo&rAl‘ dt + AeC dt - Aeo*rs’* at (46)

Since the welght of the section of skin of area A can be expressed as

W = ATw (AT)
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and since in equation (A6) 4T = dTg, the following basic differential
eguation for skin temperature 1s obtained

aTg h(i:B - T§) + ec(STAll' - Tle + ¢C
& - cTw (1)

This equation 1s given in a convenlent gonsral form in order to
permit a definite evaluation of the contribution to dTg/dt of the
convection, radiation, and soler terms. In cases of practical interest,
a brief study will show which of the terms in equation (1) may be
omitted without the introduction of significant errors.
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APPENDIX B

NUMERICAL CALCULATIONS WITH THE HEAT BATANCE EQUATION

Numerlcal integration.- In the step-by-step numerical integretion
of equation (1) 1t has been found convenient to rearrenge the texrms as
follows:

N
aTy T, - BIg® - Tg (81)
it e
where
\
B = %g (°r abg.)-3 _
T = b+ EY (oF abs.) » (B2)
p—TB'I'BE’TA o ( abs.

r
g = = (sec)

. J
The megnlitude of B 1s a measure of the relatlve significance of
the radiation and conduction terms. The quantity ‘I'p which may be
termed the potentlal temperature 1s a fictitlous temperature resulting
from 21l of the heating terms in equation (1). The quantity 6 is
the time constant of the thermal system and ls & measurs of the time

reguired for an Initlel tempereture difference to fall to l/e times its
original value (when radilation mey be ignored).

Numericel integratlon over successive time intervals %, t2 ver by,
ty41 Wwhen neither the speed nor altitude l1s changing 1s a simple

lterative arithmetic process which can be qulckly carried out. For
flight paths in which altitude or speed vary with time, the process is
essen'bia.il;ly no more complicated once the average velues of Tg, h
end OT,' have been determined for.each time interval. For such ’

verying £light paths, equation (3) would be written

= = kAt
T32=Tsl+@p - BT, -TQ_?;— (B3)
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whers
]§=ecr
- - - ")-l- g
TP=TB+B@A +a
- B
5=
h
TS]_+T52
Ty = >

Although the temperature Tg o which wlll be reached at the end of
the time interval At is not known in & step-by-step integration, a
reasonable valus may be assumed. The value of Ty corresponding to
thls assumption is then used to calculate a valus TSE , and this first
calculated value 1s compared with the assumsd value. If there is a

difference botween the two values, rapld convergence willl generall:
obtained 1f & new assumed T32 is used which lies mldway between the

agsumsd valuwe and the first calculated valus. Two or three iterations
of this type will generally glve assyumed and computed values of ‘I‘S2

vhich agree within 0.2° F, a value which is Judged to be sufficiently
close to prevent serious accumulative errors.

Approximate integral solution.- Eguation (Bl) can be integrated

approximately by analogy wlth the Integral of the basic egquation for
heat flow, generally known as Newton's law. The application of this
law to thermal problems end,in partlcular, to thermometers has been
glven by a number of authors. (See, for exsmple, refersnce 12.) The
temperature of a thin sheet of skin initlally at temperature Ty which
is plunged Into a bath of temperature Ty, from which it is Insulated
by & layer with heat-trensfer coefficient h, is glven as a function

of time by the equation
T aT © dt 1 t
f = f — == | at (k)
Ty Tp-T o FS/h 0
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The solution of equation (Bh) is

—_— = 6 ) (B5)
Tg - Ty

If the term Tp - BTI" in equation (Bl) can be considered a constant

over a small time intervel At, +then an integral of equation (Bl)
can be wrltten as

( :BTmLL TQ -%-b
( - BT ) -y

where, &8 before, Ty is the mean value of T over the time interval At.
Equa.tion (B6) ma.y be rewrlitten in & form sultable for step-by-step
Integration as

(86)

Tp -_-(rp -_BTHEG - e e>+ Tie 6 ) (B7)

Since Tm over the time interval At 1s not kmown, T; can be used
as & first assumption for Ty, and the resultant velue of T, wused
to make a better assumptlion. In view of the assumptions used in the
derivation of equation (BT), values of At/6 should not exceed 0.25.
A semple calculation using equation (B6) is given in taeble IV. For
& reapld approximation, the 1terative process may be eliminated and the
value of T, obtained by assuming that Tp =T may be used as the

value of Ty for the next time intervel.
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TABLE I

COMPARISON OF STAGNATION TEMPERATURES COMPUTED
BY USING CONSTANT AND VARIABLE SPECIFIC HEAT OF AIR

TA = 392.11' TA = 5180)"'
" Ty Ty Ty T
y =1.h equation (9) 7 = 1l.b equation (9)
1 k70 k70 622 622
2 706 705 933 929
3 1098 1087 1451 1418
L 1647 1600 2177 2060
5 2352 2210 3110 . 284h
6 31k2 2860 hos], 3770
7 k232 3760 5599 4830
8 5412 L4680 7154 6040

Temperatures in °F abs. :
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TABLE II

THERMAL PROPERTIES OF MATERTATS

Specific heat and specific weight?

Meteri c W
rial (Btu/1b °F) (1p/2t3)
Aluminum
Pure 0.226{0-100° ©) 168.5
24s-T .226(0-100° ©) 172.2
Wrought iron .1138 483.6
Stainless steel Jdho Lkgp,5
Megnesium .249(0-100° C) 108.6

Specific heat of iron?

T T c
(°c) (°F ebs.) (Btu/1v °F)
0 L4oo 0.1055
200 852 1282
400 1o12 .1509
600 1572 1 JA737

lData from reference 6.
2Data taken from teble entitled "Specific Heat -
Variation with Temperature" of reference 7.



24 NACA RM No. L7]21

TABLE IIT

SKIN-TEMPERATURE MEASUREMENTS
V-2 MISSILE NUMBER 21 FIRED MARCH 7, 1947
DATA SUFPLIED BY NAVAL RESEARCH LABORATORY

EiﬁicifZZ? Altitude | Velocluy P Ta | Tazuminum | Tsteel
(sec) (kam) (m/sec) | (xm He.) | (°K) (°c) (ec)
0] 1.2 0 {645 1 28 22 30
10 1.7 109 | 600 279 o2 30
20 3.5 260 | 480 267 22 30
25 5.0 348 {410 261 22 30
30 7.0 438 | 300 oké 25 30
35 9.k 530 {210 228 35 31
Lo 12.3 646 1130 218 45 40
L5 15.9 810 76 215 62 55
7.5 18.0 900 59 215 7 65
50 20.4 995 33 215 87 75
52.5 23.0 1090 23 -1 215 97 8k
55 .- 25.9 1200 14.5 216 108 92
575 29.0 1305 9.6 216 118 98
60 32.4 1420 5.8 217 12k 105
65 39.9 1540 2.3 270 135 116
70 W7.5% 1490 95 315 1o 122
75 54 .8 1440 9 iTe} 320 147 122
80 61.8 1390 .18 299 156 125
100 87.5 1200 «003 | 200 160 | mwem--
t.5 110 110

Cone angle, B, 26°. : .

Thickness of 35 aluminum-alloy sectlon, 0.091 inch.

Thickness of Spec. 4ES5, grade M steel section, 0.109 inch.

Size of temperature gage, 0.0L4 inch X 0.6 inch X 3.5 inch approximately.
Location of gage on aluminum~alloy section, 1 = 1.5 feet. :
Location of gage on steel section, 1 = 2.6 feet. -

Surface finlsh, orange lacquer.



TABIR IV
SAMPLE TIME-HISTORY CALCULATION

M=3 T = 1L41° F nbs. 8 = 326.2 sec
B = 150,000 £t h = 3.8 X 10™* Btu/ft%ae0 °F abs. At = 60 geo
E:ioo B = 2.50k x 10710 o aba,"3 = = 0.114025
€= 0.2 pr ¥ = 0.8 x 20%0 op mps.t At
Fy = 0.2 Bl frtf OF A o ? = 0.8204
P9 = 573.5° P &be. at t =0 Tpn],531°l'ab5. Ab
1-e 2 20,10776
Lt At
TQnG-ae(TP—BTn9+09 T,
= 0.10776 (r], - M.D + 0.8922191‘1 (B7)
()| (=) {3) () {5) (6) {n (8 (9) (10)
vl 5l n | om Ty B |1, - Bh," T
(LB b (o) xm f1sm - (6) | ousesk x (3)] 0-10776 x (1) | (8) + (9)
o|573.5 | 538 [ 5138 |o.0mBx 20| o7 | 1%03.9 511.7 162.1 673.8
573.5 623.6 15122 37.9 1hg93.1 S11.7 160.9 672.6
573.3 623.0 .15118 37.8 1453.2 .7 160.9 672.6
60 | 672.6 | 672.6 672.6 20456 51.2 1479.8 600.1, 1%9.% 739.6
672.6 6.1 26296 65.8 1k65.2 600.1 157.9 758.0
672.6 720.3 26866 67.3 1863.7 600.1 157.7 757.8
120 | 757.8
600 [1075.6 [1075.6 | 1075.6 | 1.338% 335.1 1195.9 959,7 128.9 1088.6
107,66 | 1082.1 | 1.3701 333.3 1187.7 959,7 128.0 1087.7
1075, 1080.6 | 1.3 342.T 1188.3 59T 128.0 1087.7
660 110877 .

~NACA~
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1.0
B, deg
120 - o
A TDe—tlO 50 > -
X .9 & < g £ f
zo TN
S 0 (0 puy
/0 -
ol (o]
(o]
.8
10 .S 2.0 2.5 3.0 3.5
M '
Fi iqure /.- - Temperalure recovery tfactor K= V=/h

I+~74
as a function of Mach number and cone

angle . Data from reference 2 . ~REA
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